Summary
There are five principal aspects of the nuclear radiation f rom the high temperature plasmas of TFTR on its plasma diagnostic equipment. i) Important information about the plasma properties to be obtained from measurement of the neutrons, or other fusion reaction products; ii)
Experimental studies to give design data for future tokamak devices and their instrumentation; iii)
Transient noise or damage effects on the array of detectors for the collection of physics data about the plasma; iv)
The effect of tritium on detectors that necessarily are in vacuum, directly connected to the tokamak vacuum vessel; and v)
Introduction
The Tokamak Fusion Test Reactor (TFTR) will start to operate at the end of 1982. There will be a period of developing capability for the device to reach two simply-state goals: i) demonstrate good containment properties for very high input power levels with neutral beams (and, possibly, RF heating), and ii) produce sufficient D-T fusion nuclear reactions that the ratio of the output power to the input power is greater than unity (Q > 1) . In the latter case, high energy a -particles are created, but only contribute a few percent to the plasma heating. The full capability will be reached in about 1987, when all the necessary equipment and shielding has been installed and fully tested; but there will be significant operation with deuterium throughout, and even a brief period of D-T operation during the development period.
Since the shielding of the tokamak will not be complete during this period, it has been necessary to plan for serious background radiation effects throughout the prograin as well as to ensure that the neutron measuring equipment has the capability to operate over a wide dynamic range of fluxes.
Five major nuclear aspects of TFTR operation and their effects on diagnostic instrumentation will be addressed.
i)
The use of the neutrons and other product particles to learn directly about the plasma properties.
Recent measureiments on the PLT and PDX tokamaks at Princeton show that transport and instability properties as well as heating information can be obtained at much lower neutron flux levels than that predicted for final TFTR operation.
ii) Experiments of relevance to future stages of the magnetic fusion program: a) Experiments for measuring the contained a -particles from D-T reactions.
For reactors these particles cause a contained "helium-ash" and while the number of a -particles contained in TFTR is small, their confinement properties are of great importance for future devices. b) Lithium breeding experiments making use of the neutrons whose spectrum and broad-source make them relevant to a practical toroidal fusion reactor.
A relatively small module will be used to obtain reactor-relevant integral neutronics data and breeding rates in an experiment to confirrm neutronic code estimates.
iii)
The effectiveness of a wide variety of detectors in a high background of scattered neutrons and gammas. Measuremens of X-rays, charged-particles, visible and ultraviolet light and far infrared radiation are some of the cases where the detectors have to work concurrently with the neutron emission.
iv)
The effects of tritium deposition, and the resultant 19 keV 3 emitted, on detectors in vacuum. A number of diagnostic mneasurements such as those in the far ultraviolet and soft X-ray spectral regions require that there be no material harrier between the instrument and the plasma and there is an increase of background signal level.
v)
Damage and transient effects on diagnostic components within the main shield boundary. Components close to the tokamak such as windows and cables require special selection, and shielding has to be arranged for all electronic racks.
The radiation levels are such that shiel(ling is a much more cost-effeetive approach than full radiation hardening of components except in the case of an occasional preamplifier.
The sophistication of the instrumentation of TFTR will probably be the highest achieved for tokamaks. The operation of TFTR, like its predecessor devices, is very tightly bound to the understanding of the plasma.
This understanding is inade possible by the wealth of plasma diagnostics and is critical for the gradual improvement of plasma properties and for the prevention of such phenomena as sudden plasma loss (disruptions) and high levels of impurity atom influx from the walls due to local heating eeffects. Once these phenomena are inderstood and can be controlled, future devices with neutron fluences many orders of magnitude larger than tlhat predicted for TFTR, should not need such an array of equipment. To some extent, TFTR will be used as a test bed for coniverting the techniques of measurement of some vital parameters from radiation-sensitive methods to ones that can readily be radiation-hardened.
After a short description of the TFTR tokamak and its mode of operation, this paper will address these five topics. Figure 1 shows an artist's impression of the tokamak whose fnost important parameters are shown in The complete shielding Eor the facility is shown in Figure 2 . The shielding thicknesses were chosen to be very safe with a design objective for the dose level at the site boundary fence (-125 m from the tokamakj of 10 mR Yr 1 .4 It is estimated that about half of this dose is from radiation, including skyshine, and the other half from geseous release of activated air. However, the concept of an igloo close to the tokamak permits many components to surround the tokamak in the Test Cell without becoming too activated for hands-on maintenance within a few hours of a full power experimental run. This igloo, made from borated limestone concrete, is shown in Fig. 2 A large number of calculations of the radiation fluxes, spectra, and doses throughout the facility have been made. Figure 3 shows the prompt neutron and gamma spectrum at a representative point inside the Test Cell but outside the igloo.
(The curves are calculated for a source of 14 MeV neutrons of 3.5 x 1018 neutrons/pulse for a 26 in. thick igloo.) These flux levels are very high for diagnostic instrumentation to function comfortably in, particularly as a complete absence of penetrations in the igloo wall has been assumed. Thus, most equipment in this area requires additional shielding, very careful arrangement of any penetration associated with that equipment, and a tight philosophy of control of shielding for all necessary penetrations. But, because of these radiation levels and the difEiculty of control, most of the diagnostic instrumentation is in a diagnostic basement immediately under the tokamak, with a six foot thick steel and borated limestone concrete structure providing shielding. The relative radiation levels are shown in Table 2 where the flux levels in the basement include 50 small 2.5 in. diameter penetrations immediately under the tokamak. Obviously, a lot of ingenuity will be required to hold the penetrations down to such a level where numerous water pipes, copper conductors and diagnostic vacuum pipes pass through the concrete, but this will not be addressed here. The radiation levels will be about an order of magnitude lower in the outer basement, where most of the electronic CAMAC instrumentation will be housed, than in the diagnostic basement.
As a point of reference, a neutron flux of about 2 x 107 n cm-2 sec 1 from the PLT tokamak has already caused impossibly high noise background levels for an X-ray multiwire proportional counter and an InSb detector For the far infrared.2 Shieldinq of the instruments has now removed the problem.
The activation levels of the vacuum vessel and neighboring components of the tokamak have been evaluated from the flux codes.5
The experimental program will be carefully orchestrated to keep these levels low, by use of hydrogen gas and only modest operation with deuterium, until the design o-much of the mechanical hardware has been proven; but ultimately all maintenance within the igloo will be done by remote means and this has already been factored into instrumentation design. Activation oF the PLT and PDX tokamaks has already been measured6 and is presently being compared to code calculations. Fig. 3 The prompt neutron and gamma spectra midway between the tokamak and the outer shield wall in the Test Cell.
Measurement of Fusion Reaction Products
It is important to make use of the neutrons and other fusion products in gaining an understanding of the plasma behavior.
For TFTR it is essential that a very precise (within -10%) determination of total neutron flux be made to establish the break-even Q -1 result, but much more information about heating rates, ion distribution and instability levels in the plasma (or even about neutrons generated by high energy runaway electrons hitting material limiters) can be found.
In the PLT and PDX tokamaks, Strachan and his
and d( 3He, p)a reactions in their studies.
In the case of d(t, n)a reaction, the tritons were those already created by the d(d, p)t; their interest was in determining how well the tritons were contained in the plasma.8 Some PLT data are shown in Fig. 4 .02X-R I.
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sFig. 4
Representative neutron data from the PLT tokamak. The curves are described in the text.
Tn TFTR, four principal neutron measurement systems are planned.
An activation foil technique where foils are pneumatically injected to close to the vacuum vessel for the duration of a pulse (or many pulses) gives time-integrated fluences.
By judicious foil selection, it can be made relatively insensitive to the high intensity of scattered neutrons and gammas.
The time dependent flux will be measured by long U or 238U fission fragment proportional counters which have complementary dynamic ranges to cover source strengths <1010 sec of 2.5 N%eV neutrons to >1019 sec 1 of 14 MeV neutrons with time resolution of about 10 msec. By use of counting and Campbelling circuitry provided by Gammametric4 the 3 detectors 10 -2 -1 operate over the flux-range of 10 -10 n cm sec and the 238U detectors operate over the range 10 -io13 ncm-2 s&-1.
A multichannel collimator using scintillators will give spatial resolution of the neutron source and will be used in studies of the plasma instabilities.
In addition a large spectrometer system will be used to view the plasma radially, to obtain ion temperature information, or tangentially, to determine effects of the slowing down of the fast ions creasted by the m . The 14 MeV neutrons emitted by the plasma will also be used in a small lithium blanket module located between the vacuum vessel and the igloo shield to demonstrate the breeding of tritium.
The concept of the module is shown in Fig. 8 . It is designed to be as representative of a fusion reactor breeding blanket as possible with the intention oF obtaining validation of the numerical code studies of breeding rates for fusion reactors with real neutron spectra in real geometries.
The figure shows a central core of stainless steel tabes containing lithium oxide for the breeding studies, the remaining tubes being there for providing uniform neutron fluences at the center and making available space for measurement equipment.
In the figure only one neutron activation measurement location is shown (rabbit tube), but this nunber will almost certainly be increased.
After an experimental run of about 10 pulses, the speciFic activity will be 10 nCi g 1in one of the rods. It can be removed for separation of the tritium and analysis, and the quantity of tritium bred can be measured within 10% accuracy. (The scale is in cm.)
Many other diagnostic detectors have been tested in a radiation environment to demonstrte that they can function in a properly shielded [Lstrument. Figure 10 is shown as an example of the tests with a Kaman Sciences 710 Neutron Generator yielding about 1011 n sec&1 of 14 IMeV neutrons. Figure 10a shows the arrangement of Si(Ui) detectors, used in the X-ray pulse-height analyzer, under test.
They have to view on a direct line to the plasma. The curves of Fig. 10b show the response of this detector to the neutrons.
For the high electron temperatures predicted for this plasma operation, the range of interest for X-ray measurement is from about 5 keV to 50 keV.
The curves show the measured count-rate about 7 times higher than predicted at 6 keV anid about 2 times higher at 55 keV.
With proper shielding, these detectors can be used on TFTR. The initial experiments showed a much worse neutron enhancement.
This was largely ,aused by neutrons scattering off the liquid 892 : nitrogen dewar for cooling the detectors.
It was arranged in the normal fashion immediately behind the detectors. A reconfigured detector arrangement mounted off a cooled finger has been used and greatly reduced the scattering. One of the most sensitive detectors, and one that must be located in the high flux Test Cell region is the channel electron multiplier array used for charged particles in the charge-exchange analyzer. For 14 MeV neutrons, the detection efficiency is 6.4 x 10i3 counts/neutron in the CEMA to be used.25
For good neasurement at charged particle count rates of 103 -106 counts sec 1, neutron shielding to reduce the neutron flux by between 10 and 100 times will be required.
Similar detectors are used in spectroscopic 26 instruments , mostly housed in the lower flux region of the basement.
Microchannel plate multipliers, spatially resolved by Reticon or MAMA code systems, channeltron electron multipliers, magnetic electron multipliers and photomultipliers have been tested.
Radiation damage is not a problem, and the neutron sensitivity is so low as to cause no problem directly, but high y sensitivity can be a problem.
Lead shielding surrounding the detector is therefore essential with some neutron shielding outside it to cut down generation of gammas by neutron reactions. Fig. 11 The sensitivity of a channel electron multiplier to tritium.
The upper curve shows the transient effect and the lower shows the effect of time exposure.
Recent measurements of the neutron sensitivity of ultrasensitive helium cooled bolometers, used in far infrared measurements for determining the electron temperature, show also strong neutron sensitivity. 22 The conclusion of the experiment is that, even in the basement, at least 20 cm of lead and < 60 cm of concrete shielding is needed to cut the background noise sufficiently for use of the InSb bolometer.
A new Germanium bolometer cooled to 0.30K cannot be used.
Effects of Tritium Deposition on Detectors
A large variety of detectors are mounted inside vacuum chambers directly connected to the tokamak vacuum vessel, and hence become liable to contamination by tritium. The conductances of the passage to the tokamak are low and less than 5 curies is pumped through the complete diagnostic array in any one plasma pulse. Even so, the complete diagnostic vacuum system including the vacuun turbomolecular pumps and vacuun seals has been designed for tritium usage. But this section of the paper will only address detector problems. Table 3 lists some of the detectors that will be used in vacuum.
The count rates given are those expected for actual measurement. The last column shows the pressure of tritium for which the electrons from the 3-decay at the detector give a low enough count rate for a satisfactory signal-to-noise ratio. For comparison, the pressure of the tritium filling of the vacuum vessel is of order 10 2 _ 10-1 Pa so that these local instrument pressures are not difficult to achieve. Figure 11 shows experimental data of the sensitivity of a channel electron multiplier to tritium.28
The upper curve shows the prompt sensitivity while the lower curve shows the cumulative build-up on the detector.
These levels give no significant operational problem on TFTR apart from requiring some care in maintenance. The soft X-ray effect has been measured by Primak31 and Fig. 12 shows a curve of the negative dilatation calculated for a fused silica window as a function of depth for soft X-rays for the life of TFTR.
One would expect crazing such as occurs on old pottery glazes under such conditions and experiments with electron beams were done to mock-up the high intensity X-rays.
It was found that no crazing occurred, and that plastic flow stress relaxation took place to surprising depth.
While this is an encouraging result, there are clearly many unknowns about the window behavior under X-rays and they will be placed as far as possible from the plasma consistent with the viewing requirements.
Thin cover windows which could be changed fairly easily and cheaply to protect the main vacuum windows are also being considered.
None of these window materials exhibit the discoloration normally associated with standard glasses in the neutron radiation test.
Lithiun fluoride windows were found to absorb heavily in the ultraviolet after irradiation (the window is bright red) and were replaced by magnesium fluioride for use in this spectral region.
The infrared transmission of crystal quartz was degraded by a few percent at wavelengths < 200 pm, with smaller loss at higher wavelengths. Somre initial data has also been obtained for fused silica fiber optics ani on luminescerice effects in windows.
The effects do not appear to be serious.
13ut, as for all these radiation studies, the neutron fluence levels at the vacuum vessel of TFTR are at least three orders of mnagnitude less than predicted for the next generation of tokamaks such as INTOR,32 and the use of simple unshielded windows will have to be carefully rethought for the future devices.
Conclusions and Ackno wled ements
This brief review of all the nuclear aspects of 'rFTR has necessarily been sketchy. 
